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IT IS WELL ACCEPTED THAT CHRONIC heart failure (CHF) is characterized by heightened sympathetic outflow (10) , which is a compensatory adjustment to a reduction in cardiac function and may be beneficial to provide adequate peripheral tissue perfusion in the early phase of CHF (16) . However, this compensatory mechanism gradually becomes more intense and sustained, thereby contributing to the progression of the CHF syndrome (19) . During this period, the excessive sympathetic activation not only exacerbates the CHF state, but is also prognostic of sudden death and complications from this syndrome. Indeed, a strong consensus exists as to the adverse influence of sympathetic hyperactivity on the progression and outcome of CHF (4) . The central mechanism(s) by which sympathoexcitation occurs in the CHF state, however, is still not completely clear.
A voluminous body of literature has solidly supported the idea that brain angiotensin II (ANG II) mechanisms contribute to the above-mentioned sympathoexcitation in the CHF state (6, 7, 49) . Notable findings in CHF animals implicate an enhanced brain renin-angiotensin system, including increase in brain angiotensin converting enzyme (ACE) activity, ANG II type 1 receptor (AT 1 R) expression and binding, and increased dipsogenic responses to ANG II. Our laboratory's previous studies also clearly show an upregulated AT 1 R mRNA and protein expression in the rostral ventrolateral medulla (RVLM) of CHF rabbits (12) and an ANG II-induced overexpression of AT 1 R mRNA and protein in the RVLM of normal rabbits (13) . These enhanced ANG II mechanisms are closely related to the sympathoexcitation of CHF, because blockade of central AT 1 R normalizes sympathetic tone in conscious CHF rabbits and rats (8) . Furthermore, reduced sympathetic dysfunction after myocardial infarction has been observed in transgenic rats that lack brain angiotensinogen (43) . However, the link between enhanced ANG II signaling and the electrophysiological characteristics of neurons in the RVLM of CHF animals remains unclear. In the present study, we used genetic, electrophysiolgical, and intact animal techniques to define a role for the Kv4.3 channel protein in the RVLM of rats with CHF. We hypothesized that ANG II-induced downregulation of Kv4.3 in the RVLM contributes to the sympathoexcitation in the CHF state.
METHODS
Forty-one male Sprague-Dawley rats, weighing between 320 and 410 g, were used in these experiments. All experiments were approved by the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center and were carried out under the guidelines of the American Physiological Society and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Rat Model of CHF
CHF was produced by coronary artery ligation, as previously described (11) . All rats were anesthetized with ketamine (100 mg/kg ip), intubated, and mechanically ventilated with room air. Under sterile conditions, a left thoracotomy was performed through the fifth intercostal space. After the lung was retracted, the pericardium was opened, and the heart was exteriorized. The left anterior descending coronary artery was ligated near its branch point from the aorta with a 6 -0 silk suture that was passed through the superficial layers of myocardium, between the pulmonary artery outflow tract and left atrium. Following these maneuvers, the heart was placed in its original position, and the thorax was closed. The air within the thorax was evacuated, allowing the rats to resume spontaneous respiration and recover from anesthesia. Analgesia (Buprenorphine, Reckitte Benckiser, Hull, UK; 0.1 mg/kg sc) was administered after surgery. Sham-operated rats were prepared in the same manner but did not undergo coronary artery ligation.
The rats were caged in an environment with ambient temperature maintained at 22°C and humidity at 30 -40%. Laboratory chow (Purina) and tap water were available ad libitum. The CHF rats used for DNA microarray analysis were studied at 6 mo after coronary ligation to obtain a sufficient amount of tissue. The CHF rats for all other experiments were studied at 6 -8 wk after coronary ligation. Cardiac function and the degree of heart failure were determined by echocardiography (Acuson Sequoia 512 C). Under isoflourane anesthesia, a two-dimensional, short-axis view of the left ventricle (LV) was obtained at the level of the papillary muscles. M-mode tracings were recorded through the anterior and posterior LV walls, and anterior and posterior wall thicknesses (end-diastolic and end-systolic) and LV internal dimensions were also measured.
DNA Microarray
Three sham rats and three CHF rats were used for DNA microarray experiments. One sham and one CHF rat constituted a pair that was run on each microarray. The GeneChip (Rat Genome 230 2.0 array) was used to determine differentially expressed genes in the medulla of CHF vs. sham rats. We focused on those genes relevant to neuronal electrophysiological characteristics. The microarrays were carried out according to the standard Affymetrix protocol (Affymetrix Expression Analysis Technical Manual, Santa Clara, CA). Total RNA for DNA microarray was extracted from the medulla with TRIzol (Invitrogen, Carlsbad, CA). RNeasy columns (Qiagen, Valencia, CA) were employed to further purify the extracted total RNA. RNA was then quantified by spectrophotometry (absorbance 260 nm), and the quality of RNA was assessed by electrophoresis through formamide/formaldehyde agarose gel. The arrays were hybridized with biotin-labeled cRNA, prepared as per standard Affymetrix protocol (Affymetrix Expression Analysis Technical Manual). Briefly, total RNA (10 g) from the right half of the medulla was reverse transcribed using an oligo(dT) primer coupled to a T7 RNA polymerase binding site. Double-stranded cDNA was made, and biotinylated cRNA was synthesized using T7 polymerase. The cRNA was hybridized for 16 h to an array, followed by binding with a streptavidin-conjugated fluorescent marker, and then incubated with a polyclonal anti-streptavidin antibody coupled to phycoerythrin as an amplification step. Following washing, the chips were scanned with a Hewlett-Packard GeneArray laser scanner, and data were analyzed using Gene-Chip software. External standards were included to control for hybridization efficiency and sensitivity.
Using the abovementioned DNA microarray, we found that 56 genes were altered in the medulla of CHF rats compared with that in shams. Among these altered genes, 23 genes were upregulated, and 33 genes were downregulated in the CHF state. The gene encoding the Kv4.3 channel protein was the only gene directly related to neuronal electrophysiological characteristics. In the following experiments, we focused on Kv4.3 K ϩ to determine its expression, function, and regulation in vivo and in vitro.
Real-time RT-PCR Analysis of Kv4.3 mRNA
We employed real-time RT-PCR to confirm that the decrease in Kv4.3 mRNA also occurred in the RVLM of CHF rats. The RVLM was punched out according to the technique described by Palkovits and Brownstein (28) . Briefly, the rat brains were removed and immediately frozen on dry ice, blocked in the coronal plane, and sectioned at 100-m thickness in a cryostat from 2.0 to 3.0 mm rostral to the obex. The RVLM was then punched using a punch-needle (0.6 mm inside diameter) from 10 sections. The punch site in each section was determined based on the description by Paxinos and Watson (29) and is variable in each individual section. The total span of punches was ϳ1 mm, from 1.6 to 2.6 mm lateral to the midline. The punched tissues from the 10 sections were pooled for RNA extraction. The size of the punched tissue from a single RVLM of one rat was ϳ0.28 mm 3 . Total RNA was extracted from bilateral RVLM of rats using RNeasy columns (Qiagen), which was then reverse transcribed into doublestranded cDNA. The RNA product was treated with RNase-free DNase I to remove the potential remaining DNA before it was reverse transcribed into cDNA. Real-time RT-PCR was carried out using a thermocycler (PTC-200 Peltier Thermal Cycler with CHROMO 4 Continuous Fluorescence Detector, BIO-RAD), according to the manufacturer's recommendations. Cycle numbers obtained at the loglinear phase of the reaction were plotted against a standard curve prepared with serially diluted control samples. Expression of target genes was normalized to GAPDH levels. The primers and probes used in this experiment were designed using free software obtained at https://www.genscript.com/ssl-bin/app/primer and synthesized in the Eppley Institute Molecular Biology Core Laboratory on the campus of the University of Nebraska Medical Center. Table 1 shows the gene-specific primers and probes to rat Kv4.3 and GAPDH genes.
Western Blot Analysis of Kv4.3 Protein
The RVLM of rats was punched out as described above. Protein was extracted from the RVLM bilaterally using RIPA buffer, the concentration of which was then measured using a protein assay kit (Pierce, Rockford, IL) and was adjusted with equal volumes of 2ϫ 4% SDS sample buffer. The samples were then boiled for 5 min, followed by loading on the 7.5% SDS-PAGE gel (5 g protein/30 l per well) for electrophoresis using a Bio-Rad mini gel apparatus at 40 mA/each gel for 45 min. Then the fractionized proteins on the gel were electrophoretically transferred onto a polyvinylidene difluoride membrane (Millipore) at 300 mA for 90 min. The membrane was probed with primary antibody (Kv4.3 goat polyclonal antibody, Santa Cruz, 1:1,000) and secondary antibody (rabbit anti-goat IgG-horseradish peroxidase, Santa Cruz, 1:2,500), and then treated with enhanced chemiluminescence substrate (Pierce, Rockford, IL) for 5 min at room temperature. The bands on the membrane were visualized and analyzed using a UVP BioImaging System (Upland, CA).
Acute Animal Experiments
We determined the effects of suppression of A-type K ϩ current in the RVLM on mean arterial pressure (MAP), heart rate (HR), and renal sympathetic nerve activity (RSNA) in sham and CHF rats. Each rat was anesthetized with urethane (800 mg/kg ip) and ␣-chloralose (40 mg/kg ip). Supplemental doses of anesthesia were administered at 1/10 of the initial dose per hour. Body temperature was maintained using a heating pad. Through a midline cervical incision, the trachea was cannulated to facilitate mechanical ventilation.
Recording of MAP and HR. Through a midline incision in the neck, the common carotid artery was exposed and then catheterized with a Millar transducer (model SPR-524, Millar Instruments, Houston, TX) for measurement of MAP. HR was derived from the arterial pressure pulse using the tachometer function of a PowerLab model 16S (AD Instruments, Colorado Springs, CO).
Recording of RSNA. RSNA was recorded as previously described (11) . In brief, the left kidney, renal artery, and nerves were exposed through a retroperitoneal flank incision. The renal sympathetic nerves were placed on a pair of platinum-iridium recording electrodes. When an optimal signal-to-noise ratio was achieved, the electrode and the renal nerve were covered with a fast setting silicone (Kwik-Sil, World Precision Instruments, Sarasota, FL). The signal was amplified with a Grass direct current preamplifier (model P18D, Astro-Med, West Warwick, RI) with low-frequency cutoff set at 30 -100 Hz and high-frequency cutoff at 1-3 kHz. The amplified output was monitored on a storage oscilloscope (model 121 N, Tektronix, Beaverton, OR) and then imported to a computer system with the hemodynamic parameters. A voltage integrator (Buxco Electronics, model 1801) was used for quantifying the raw RSNA. The raw nerve activity, integrated nerve activity, arterial pressure, and HR were recorded on a PowerLab model 16S and stored on the disk until analyzed. Noise levels were subtracted from the nerve recording data before percent changes from baseline were calculated. Integrated RSNA was normalized as 100% of baseline in the control period. The unit for the comparison of baseline RSNA between sham and CHF rats was "%max", the maximum RSNA induced by intravenous infusion of nitroglycerin (25 g per rat).
RVLM microinjection. Rats were placed in a stereotaxic apparatus. An occipital craniotomy and partial cerebellar removal were performed to expose the dorsal surface of the brain stem. The dura was opened and retracted to expose the obex, the vertex of which was taken as a basal landmark for stereotaxic coordinates to target the RVLM. The RVLM (coordinates: 2.5-3.0 mm rostral to the obex, 1.8 -2.1 mm lateral to midline, and 3.0 -3.3 mm ventral to the dorsal surface of brain stem) was chemically identified by a transient pressor response (at least 20 mmHg) to injection of L-glutamate (5 nmol). Microinjections into the RVLM were performed from a three-barreled micropipette (tip diameter 20 -50 m) driven by a micromanipulator using a pressure injection system. The injected volume (50 nl) was measured by observing the movement of the fluid meniscus through a binocular microscope fitted with a calibrated eyepiece graticule. L-Glutamate and 4-aminopyridine (4-AP) were diluted in artificial cerebrospinal fluid.
Measurement of LV end-diastolic pressure (LVEDP) and cardiac infarct size.
At the end of the acute experiment, a Millar pressure catheter was advanced through the carotid artery into the LV to determine LVEDP. The rats were then euthanized with an overdose of pentobarbital, and the hearts were removed to measure infarct size.
In Vitro Experiments
A neuronal cell line (CATH.a) was employed to determine the effects of ANG II on Kv4.3 mRNA and protein expression and the A-type K ϩ current. CATH.a cells were originally derived from a brain stem catecholaminergic neuronal mouse cell line (38) and displays a differentiated neuronal phenotype and excitable membrane characteristics (20) .
CATH.a culture. CATH.a cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA) and grown in RPMI 1640 containing 8% horse serum, 4% fetal bovine serum, 1% penicillin-streptomycin, at 37°C in a humidified atmosphere equilibrated with 5% CO 2. After subculture, cells were plated on polystyrene tissue culture dishes at a density of 1 ϫ 10 7 cells/100-mm plate, or 1.5 ϫ 10 6 cells/well in six-well culture plates with N6,2=-O-dibutyryl adenosine 3=,5=-monophosphate (1 mmol/l, Sigma) to grow for 2 days to obtain differentiated CATH.a cells (2, 9) . The cells were treated with ANG II (100 nmol/l, 6 h). Cells were then used in the following experiments to record A-type K ϩ current by whole cell patch clamp to determine Kv4.3 gene expression by real-time RT-PCR and Western blot and to explore the intracellular signaling pathway mediating the ANG IIinduced change in Kv4.3 gene expression.
Immunofluorescence. CATH.a cells grown on the glass coverslips were fixed in 4% paraformaldehyde in PBS for 15 min at room temperature. The cells then were washed with PBS, followed by incubation with primary antibodies (goat polyclonal IgG anti AT 1R and rabbit polyclonal IgG anti-Kv4.3 antibodies; Santa Cruz) overnight at 4°C. On the following day, the cells were washed and incubated with secondary antibody (Alexa Fluor 488 donkey antirabbit IgG and Alexa Fluor 594 donkey anti-goat IgG, Molecular Probes; at 1:250 in the same diluent used for the primary antibodies).
Real-time RT-PCR analysis of Kv4.3 mRNA. Real-time RT-PCR was used to determine the effects of ANG II on Kv4.3 mRNA expression in CATH.a cells. The initial process was the same as described above for intact animals, but the total RNA was extracted from CATH.a cell pellets instead of rat RVLM. In addition, the primers and probes were designed according to the mouse gene sequences. These sequences are shown in Table 2 .
Western blot analysis of Kv4.3 protein. The initial process was the same as that described above for intact animals.
Recording of voltage-gated K ϩ current. The whole cell patchclamp technique was used to determine the effect of ANG II on voltage-gated K ϩ current in CATH.a cells. This experiment was carried out using a Warner PC-501A patch-clamp amplifier (Warner Instrument, Hamden, CT). Patch pipettes had resistances of 4 -6 M⍀ when filled with (in mM) 105 potassium-aspartate, 20 KCl, 10 EGTA, 5 Mg-ATP, 10 HEPES, and 25 glucose, pH 7.2. The extracellular solution consisted of the following composition (in mM): 140 NaCl, 5.4 KCl, 0.5 MgCl 2, 5.5 HEPES, 11 glucose, 10 sucrose, pH 7.4. Na ϩ channels were blocked by TTX (0.5 M). Cell membrane capacitance was determined by integrating the capacitative current evoked by a voltage step from 0 to 5 mV and dividing the resulting charge by the voltage step. Currents were not leak subtracted. Current traces were sampled at 10 kHz and filtered at 5 kHz. Holding potential was Ϫ70 mV. Current-voltage relations were elicited by test potentials over the range of Ϫ70 mV to ϩ20 mV, with a duration of 400 ms in 10-mV increments (5 s between steps). Peak currents were measured for each test potential. P-clamp 8.1 programs (Axon Instruments) were used for data acquisition and analysis. All experiments were done at 22°C.
Statistical Analysis
Data are expressed as means Ϯ SE. The Student's t-test was employed to compare the differences of gene expression and hemodynamic parameters between sham and CHF rats. A two-way ANOVA with a Bonferroni procedure for post hoc analysis was used Microarray data analysis. Analyses were conducted with BRB Array Tools developed by Simon and Peng, Probe (low-level) analysis. Low-level analysis, which converts probe level data to a gene level expression data, was done using robust multiarray average (RMA). RMA was implemented using the rma function of the affy package of the Bioconductor project (//www.bioconductor.org/) in the R programming language. RMA does background correction, normalization, and summarization of probe-level data. The background correction method corrects the perfect match probe intensities by using a model based on the assumption that the observed intensities are the sum of signal and noise. Quantile normalization is used to normalize the perfect match probes, and the calculation of summary expression measures was done using the median polish method, which fits a multichip linear model to the data, and gives the expression on a log 2 scale. The rats were paired as CHF vs. sham by the day that the arrays were run. The log2 ratio of the CHF rat to the sham rat was computed, giving three ratios. A gene filter was applied before analysis to set a minimum fold change. A gene was excluded from analysis if none of the expression data values had at least a 1.2-fold change in either direction from the gene's median value. For each gene, a paired t-test with a random variance model was used to determine whether there was a significant difference in expression between the groups for that gene. To help control the false discovery rate, an ␣-level of 0.001 was used for comparison.
RESULTS

Body Weight, Heart Weight, Pulmonary Weight, Baseline Hemodynamics, RSNA, and Echo Data of CHF Rats
The CHF rats used for DNA microarray were 6 mo postcoronary ligation. Before the medulla samples were taken, various physiological parameters were measured and are shown in Table 3 . Body weight was lower, but both heart weight and lung weight were higher in CHF rats compared with sham-operated rats. On the other hand, pleural fluid and ascites were found in all of the CHF rats, but not in the sham-operated rats. CHF rats also exhibited a significantly lower MAP and higher RSNA than sham rats. All CHF rats exhibited significantly higher LVEDP, and lower ejection fraction and fractional shortening compared with sham rats. The average infarct size in CHF rats was 41.2 Ϯ 2.6%. The CHF rats used for all other experiments were 6 -8 wk post-coronary ligation, whose physiological parameters were similar to our laboratory's previous report (14) (data not shown).
DNA Microarray Analysis of Medulla
The original purpose of this project was to explore the central mechanisms underlying sympathoexcitation in the CHF state. We hoped to identify altered genes that are involved in modulation of the electrophysiological characteristics of neurons in the RVLM of CHF rats. However, because the amount of total RNA extracted from the RVLM was much less than needed, we used the total RNA from the medulla of each rat for this microarray analysis. Figure 1A shows original DNA microarray data from one sham and one CHF rat. In this figure, each dot represents one gene. We compared 31,099 genes in the medulla of CHF and sham rats. The yellow dots represent genes that were not expressed in the rat medulla, the red dots represent genes that were expressed in both samples, and the blue dots represent the genes expressed in only one sample, either from sham or from CHF. After the minimum fold change filter was applied, 14,638 genes were available for analysis. A paired analysis Values are means Ϯ SE; n, no. of rats. CHF, chronic heart failure; MAP, mean arterial pressure; HR, heart rate; LVEDP, left ventricular end-diastolic pressure; RSNA, renal sympathetic nerve activity; EF, ejection fraction; FS, fractional shortening. *P Ͻ 0.05 and †P Ͻ 0.01 compared with sham. found 56 genes that were significantly changed at the 0.001 level. From permutation tests, the probability of getting at least 56 genes significant by chance (at the 0.001 level), if there are no real differences between the groups, is 0.5. Among these altered genes, 23 genes were upregulated and 33 genes downregulated in the CHF state. These genes could be characterized as G protein-coupled receptors, transcription factors, signal transduction proteins, synthases, deaminases, neurotransmitter transporters, and other unknown genes (please see details in the table in the online supplement; the online version of this article contains supplemental data). Among these altered genes, Kv4.3 [the highlighted dot in Fig. 1 
mRNA and Protein Expression of Kv4.3 in RVLM of CHF Rats
Following microarray analysis showing a significant decrease in the expression of Kv4.3 in the medulla of CHF rats, we then confirmed that this change occurs in the RVLM. The RVLM is a primary nucleus in the medulla that regulates sympathetic outflow by sending direct projections to the intermediolateral cell column of the spinal cord. As expected, both the mRNA (sham: 1.3 Ϯ 0.1, CHF: 0.7 Ϯ 0.1, P Ͻ 0.05, n ϭ 5) and protein (sham: 0.9 Ϯ 0.1, CHF: 0.4 Ϯ 0.1, P Ͻ 0.05, n ϭ 6) expression of Kv4.3 were significantly downregulated in the RVLM of CHF rats compared with sham (Fig. 2) .
Effect of 4-AP in the RVLM on RSNA
To evaluate the functional significance of the downregulation of Kv4.3 expression in the RVLM of CHF rats, the voltage-gated K ϩ channel blocker, 4-AP, was unilaterally microinjected into the RVLM of anesthetized sham (n ϭ 7) and CHF rats (n ϭ 6) to determine its influence on RSNA. As indicated in Fig. 3 , this treatment resulted in a dose-dependent increase in RSNA in both groups. The initial effective dose was 0.01 nmol for sham rats and 0.1 nmol for CHF rats. We also found that, between 0.1 and 1 nmol, 4-AP evoked smaller sympathoexcitatory responses in CHF rats than in sham rats. The onset latency of these effects was ϳ1 min, and the peak effect was reached ϳ3 min after administration.
In addition to the RSNA, we found that 4-AP in the RVLM dose-dependently evoked hypertension and tachycardia in both groups. In normal rats, 0.01, 0.1, and 1 nmol 4-AP increased MAP by 9.6 Ϯ 2.4, 16.4 Ϯ 2.1, and 23.7 Ϯ 4.3 mmHg, P Ͻ 0.05, and HR by 19.6 Ϯ 3.1, 23.8 Ϯ 5.7, and 29.8 Ϯ 6.3 beats/min, P Ͻ 0.05, respectively. However, in CHF rats, only 0.1 and 1 nmol 4-AP significantly elevated MAP by 11.8 Ϯ 2.6 and 13.6 Ϯ 3.2 mmHg, P Ͻ 0.05, and HR by 21.6 Ϯ 6.2 and 24.2 Ϯ 7.1 beats/min, P Ͻ 0.05, respectively.
Colocalization of AT 1 R and Kv4.3 in the Membrane of CATH.a Cells
CHF is characterized, in part, by elevated ANG II in both the central nervous system (44) and in peripheral blood (24) . On the other hand, evidence has indicated that ANG II downregulates Kv4.3 expression in cardiac myocytes (46) . We, therefore, hypothesized that a similar mechanism underlies the downregulation of Kv4.3 expression in neurons. CATH.a cells are a central nervous system catecholaminergic cell line derived from the mouse locus coeruleus and express a variety of pan-neuronal markers, including voltage-gated K ϩ channels (20, 38) . In the present study, we demonstrate the colocalization of the AT 1 R and Kv4.3 protein in the membrane of CATH.a cells (Fig. 4) , suggesting that this neuronal cell line is an appropriate in vitro model to explore the effects of ANG II on Kv4.3 expression and function.
Effects of ANG II on mRNA and Protein Expression of Kv4.3 in CATH.a Cells
Real-time RT-PCR and Western blot analysis indicated that ANG II treatment significantly decreases the Kv4.3 mRNA and protein expression. The maximum reductions of mRNA and protein by ANG II (100 nM for 6 h) were Ϫ48.6 Ϯ 3.7 and Ϫ67.4 Ϯ 8.1%, respectively, when normalized to GAPDH (Fig. 5) .
Effects of ANG II on K ϩ Current in CATH.a Cells
There were no significant differences in the whole cell capacitance between control (10.25 Ϯ 1.04 pF) and ANG II-treated (10.98 Ϯ 1.34 pF) groups. Thus we used absolute currents to reflect current density in the cells. Figure 6 shows the whole cell patch-clamp data. Figure 
The Intracellular Signaling Pathway Mediating ANG II Induced Downregulation of Kv4.3 Expression
To explore the mechanisms underlying the downregulation of Kv4.3 by ANG II in CATH.a neurons, we employed a selective AT 1 R antagonist, losartan (10 M, Merck), a selective AT 2 R antagonist, PD-123319 (10 M, Sigma), a superoxide scavenger, Tempol (10 M, Calbiochem), and the p38 MAPK inhibitor, SB-203580 (20 M, Calbiochem), to determine the effects of these agents on the ANG II-induced (100 nM, Sigma) decrease in Kv4.3 mRNA expression. As can be seen in Fig. 7 , losartan completely abolished the ANG II effect on Kv4.3 mRNA expression. PD-123319, however, had no effect. Both Tempol and SB-203580 partially blocked the inhibitory effect of ANG II on Kv4.3 mRNA expression. Treatment with all of these blockers alone did not exert significant alterations in baseline Kv4.3 mRNA expression.
DISCUSSION
The novel finding of this study is the downregulation of Kv4.3 mRNA and protein expression in the RVLM of rats with CHF and the potential role of this decreased Kv4.3 level in the sympathoexcitation in this syndrome. The diversity of potassium channels determines the variety of central neuronal firing patterns and, therefore, physiological function (25, 30) . Subthreshold-operating A-type K ϩ channels are of particular interest because of their roles in regulating firing frequency, spike initiation, and waveform (5, 15) . It is believed that Shal-related (Kv4) proteins are the main components of the channels generating many of the subthreshold-operating Atype currents that are recorded in the somatodendritic compartment of neurons in the central nervous system (34, 41) . Three distinct genes have been identified that encode mammalian Shal homologs (Kv4.1, Kv4.2, and Kv4.3), of which the latter two are abundant in adult rat brain (33) . Decreased Kv4.3 expression implies a lower A-type potassium current and higher neuronal excitability and, therefore, hyperactivity of RVLM neurons in rats with CHF. The RVLM plays a pivotal role in the regulation of sympathetic nerve activity via direct projections to the intermediolateral cell column of the spinal cord. Activation of RVLM will evoke a significant increase in sympathetic nerve activity and blood pressure (3, 18) . The downregulation of Kv4.3 expression in the RVLM of CHF rats, thereby, would be, at least in part, responsible for the sympathoexcitation in this syndrome.
To clarify the functional significance of the decreased Kv4.3 expression in the RVLM of CHF rats, we observed the influence of blocking RVLM K ϩ current on sympathetic outflow in anesthetized rats. Microinjection of 4-AP, a voltage-gated potassium channel blocker, into the RVLM dose-dependently increased RSNA, blood pressure, and HR in both normal and CHF rats. These data provide direct evidence showing that reduction of K ϩ current in the RVLM evokes sympathetic hyperactivity. Moreover, we observed that CHF rats exhibited smaller sympathoexcitation and pressor responses than sham rats following similar doses of 4-AP, strongly suggesting a suppressed K ϩ channel function in this syndrome. This alteration in K ϩ channel function in CHF rats is likely attributed to the above-mentioned changes in Kv4.3 expression. Employing two normal rats, we tested the effects of heteropodatoxin, a more specific blocker of Kv4.x channels (27, 31) , given into the RVLM on RSNA. However, we did not find a difference in the sympathoexcitatory responses between heteropodatoxin and 4-AP (data not shown). Kv4.x channels represent the main components of the subthreshold-operating A-type currents in the neurons of the central nervous system (32, 34) , and, therefore, it is not likely that significant differences between the inhibition by these two agents would be observed.
Interestingly, Kaab et al. (17) also reported a downregulation of Kv4.3 mRNA in ventricular myocytes of CHF patients, similar to that which has been shown in the hypertrophied myocardium of hypertensive rats by other investigators (21, 40, 45) . These data suggest the downregulation of this channel as a common phenomenon in both peripheral and central tissues in the CHF and hypertensive states. However, the precise mechanisms underlying the downregulation of Kv4.3 in these pathological conditions are unknown. In hypertensive rats, Takimoto et al. (40) found that the downregulation of cardiac Kv4.3 mRNA and protein was blocked by ACE inhibition, implicating an involvement of ANG II in this negative control of Kv4.3 gene expression. In cultured neonatal rat cardiac myocytes, Zhang et al. (46) demonstrated that Kv4.3 mRNA and protein were downregulated independently by ANG II and phenylephrine. Their results further indicated that phenylephrine inhibits transcription of the Kv4.3 gene, whereas the effect of ANG II likely involves a destabilization of this channel mRNA, a more rapid mechanism to decrease message. Given the elevated ANG II level in both plasma (24) and cerebrospinal fluid (44) in CHF animals, we, therefore, hypothesized that ANG II plays an important role in the negative regulation of Kv4.3 expression in the central nervous system.
To explore the underlying mechanisms, we employed a neuronal cell line, CATH.a cells, to determine the effects of ANG II on Kv4.3 expression and potassium current in vitro. CATH.a cells were derived from tyrosine hydroxylase-positive tumors that developed in the locus coeruleus of a transgenic mouse carrying the SV40 T-antigen oncogene. These are neuronlike cells, because of the presence of neurofilaments and synaptophysin (38) . Using the isotopic ANG II receptor binding technique Sun et al. (37) demonstrated the presence of both AT 1 R and AT 2 R in these cells, and, by the immunohistochemical technique, we clearly demonstrated the coexpression of AT 1 R and Kv4.3 protein in the membrane of differentiated CATH.a cells (Fig. 4) . CATH.a cells, therefore, appear to be an appropriate model to determine the influence of ANG II on Kv4.3 expression and function. Employing these neurons, we found that incubation with ANG II for 6 h significantly downregulated the Kv4.3 mRNA and protein expression. These results suggest that, in the CHF state where endogenous ANG II levels are elevated, ANG II may contribute to the downregulation of Kv4.3 gene expression in the RVLM.
In cultured neonatal rat ventricular myocytes, Zhou et al. (48) demonstrated that the 4.9 kb 3= untranslated region (3= UTR) of the Kv4.3 channel gene was responsible for this gene's response to ANG II, and the destabilization of the 3= UTR fully accounts for the downregulation of Kv4.3 mRNA by ANG II. They further found that this regulation is mediated by the AT 1 R and abolished by NAD(P)H oxidase inhibitors (Apocynin), superoxide dismutase, and the p38 MAP kinase inhibitor SB-239063, suggesting the involvement of AT 1 R-NAD(P)H-ROS-p38 signaling in this ANG II-induced negative control of Kv4.3 gene expression. Indeed, as shown in Fig. 7 , ANG II-induced downregulation of Kv4.3 in CATH.a cells was abolished or attenuated by Losartan, Tempol, or SB-203580, suggesting a similar intracellular signaling pathway mediating ANG II effects in both myocytes and neurons. Interestingly, employing deletion analysis and mutagenesis, Zhou et al. (47) identified an AU-rich element (ARE) in the Kv4.3 3= UTR as a requirement for ANG II-induced Kv4.3 mRNA destabilization in rat myocytes. They further demonstrated that ANG II could upregulate ARE/poly-(U)-binding/ degradation factor 1, which, in turn, binds to the ARE of the Kv4.3 3= UTR to destabilize this channel mRNA. We postulate that the same mechanisms might also underlie the regulation of Kv4.3 gene expression by ANG II in rat neurons.
Potassium channel gene expression is dynamically controlled in cardiac and neuronal cells by physiological stimuli, pathophysiological conditions, and drugs (23) . In addition, the experimental conditions (in vitro vs. in vivo) and cell types (neurons vs. myocardial cells) could also influence potassium channel turnover. In the present study, we found that treatment with ANG II for 6 h significantly decreased Kv4. 3 expression. These data suggested a possible short half-life of the potassium channel proteins in vitro. ANG II has long been known to profoundly influence neuronal electrophysiological characteristics. Employing neonatal rat hypothalamus/brain stem cultured neurons, Wang et al. (42) demonstrated that ANG II perfusion significantly inhibited A-type K ϩ current and markedly reduced single A-type K ϩ channel activity by decreasing open probability. Using acutely isolated nodose ganglion neurons from adult rats, Moreira et al. (26) found that ANG II had no effect on total outward K ϩ current but significantly inhibited fast-activating and fast-inactivating K ϩ currents, indicating that ANG II can block neuronal A-type K ϩ current. These results represent an "acute effect" of ANG II on neuronal K ϩ current, probably via an alteration in the dimensional structure of channel protein. In the present experiment, we found that, after incubation with ANG II for 6 h, CATH.a cells exhibited a significantly lower A-type K ϩ current compared with the control cells and was concomitant with the downregulation of Kv4.3 protein expression. These results imply a potential "chronic effect" of ANG II on neuronal K ϩ current. Based on the current experiments, it is not clear if the alterations in Kv4.3 protein and K ϩ current in the RVLM are unique to the CHF model, or if these changes in CHF are unique to the RVLM. Sonner et al. (35) described a diminished A-type K ϩ current in the RVLM-projecting PVN neurons of renovascular hypertensive rats, which contributed to sympathoexcitation and increased blood pressure in hypertensive rats. Employing immunohistochemical techniques, this group further demonstrated that the A-type K ϩ current in PVN-RVLM neurons of rats is mediated by Kv4.3 and/or Kv1.4 channel subunits (36) . On the other hand, the data from Belugin and Mifflin (1) documented a reduced A-type K ϩ current in NTS neurons from renal wrap hypertensive rats. These reports strongly suggest a close involvement of suppressed A-type K ϩ current within more universal brain regions involved in sympathoexcitation under pathological conditions. Indeed, our DNA microarray data, which were derived from whole medullary tissue, also implies that the changes of Kv4.3 expression may occur in more regions than just the RVLM in CHF rats. Even though we focused only on the RVLM in the current experiment, we acknowledge that other regions may also be participating in the Kv4.3 response in the CHF state.
In conclusion, the present study unveiled a potential novel mechanism underlying the sympathoexcitation observed in the CHF state, the downregulation of Kv4.3 mRNA, and protein expression in the RVLM. We further demonstrated that, in a brain stem neuron cell line, ANG II downregulated the Kv4.3 mRNA and protein expression and decreased A-type K ϩ cur- 
